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ABSTRACT 
Primary cilia (PC) are 9+0 arranged microtubule based cellular organelles that are 
present on the surface of most eukaryotic cells. Their functions in various locations are not 
fully understood but current data is suggestive of important mechano- and chemo-sensory 
roles. More specifically PC have been linked to anterior-posterior limb patterning, 
endochondral bone formation, maintenance of bone, craniofacial development and tooth 
development. The electron microscopic presence of PC on odontoblasts and their dynamic 
expression on differentiating ameloblasts suggests possible non-elucidated signaling pathways. 
In the rat incisor tooth model, development and eruption occur continuously most likely from 
the cervical loop which has been labeled as the stem cell niche . The labial surface of the 
developing rat incisor contains a gradation of different stage cells from the progenitor cells of 
the cervical loop at the apex to the maturation stage ameloblasts below completely mineralized 
enamel. 
In this experiment attempts were made to identify and isolate samples of PC without 
non-ciliary contaminants from HAT-7 cell cultures . Protein isolates of the cytosol, membrane, 
nuclear and cytoskeleton of HAT-7 and IMCD3 cells were formed using fractionation 
techniques . All samples were examined using biochemical characterization via SOS-PAGE 
iv 
Coomassie blue staining, protein spectrophotometric analysis and immunoblotting with marker 
antibodies . 
These experiments suggest that HAT-7 cells contain PC given the similar presence of non-motile 
ciliary marker and non-marker proteins when compared to IMCD3 cells which are known to 
have PC. 
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I. INTRODUCTION 
1.1. Cilia 
1.1.A. What are Cilia? 
Cilia are highly conserved organelles that are microtubule based hair-like cytoplasmic 
extensions with motor and sensory functions critical for developmental and physiologic 
functions (Nonaka Set al., 1998) . They are broken down into two broad categories based on 
motility. 
Motile or secondary cilia along with flagella both possess a central bundle 
of microtubules, called the axoneme, in which nine outer doublet microtubules surround a 
central pair of singlet microtubules. The axoneme which is the backbone for cilia arises from 
and is anchored by the basal body which is a specialized centriole. Electron microscopic cross 
sections of both motile cilia and flagella reveal the characteristic "9+2" arrangement of 
microtubules which can be seen in Figure 1B and D. Flagella are much larger than cilia and they 
generally are fewer in number. Their function is to propel cells forward. For example, 
mammalian spermatozoa contain single motile flagella whose function if defective affects male 
fertility (Lo JC et . al, 2012). Motile cilia are present in many copies on a cell sometimes in 
excess of 100 or more. Their function is to sweep materials across tissues. They are able to 
achieve this by adenosine triphosphate (ATP) hydrolyzing dynein proteins which are anchored 
to the inner and outer regions of the peripheral doublet microtubules (Woolley D et al., 2000) . 
The importance of ciliary motility can be seen in the mammalian respiratory tract which 
contains large amounts of cilia that dislodge and propel particulate matter found in the mucous 
secretions of these tissues . Primary cilia dyskinesia (PCD) represents a heterogeneous group of 
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ciliopathic disorders that are associated with defects in the "9+2" axonemal structure (Bush A 
et. al, 2007). Defective ciliary motility in these ·patients can lead to neonatal respiratory 
distress, chronic respiratory infections, sinusitis and bronchiectasis. Due to defective sperm 
flagella and oviduct cilia sub-fertility tends to occur in both male and female patients . 
Primary cilia (PC) which are the main focus of this paper are the immotile 9+0 arranged 
microtubule based cellular organelles (Figure 1 A and C) that are singly present on the surface 
of most eukaryotic cells. They are generated through a process of intraflagella transport (IFT) 
(Bisgrove and Yost, 2006; Davenport and Yoder, 2005; Pan et al., 2005; Satir and Christensen, 
2007) . IFT is needed for the formation and maintenance of PC. It is a cellular process involving 
bidirectional movement of particles along axonemal microtubules. Mutations in proteins 
needed for IFT like BBSome can lead to disease and some of these ciliopathies will be reviewed 
in section 1.2.A.1. 
PC are currently understood to be environmental cell sensors that could linked to 
various regions and cell types in mammals . Modulation of intraocular pressure (Luo N et al., 
2014), osteoblast mineral deposition in response to mechanical forces (Delaine-Smith et al., 
2014), cartilage extracellular matrix synthesis (Wann AK et al., 2012), body weight control 
(Omori Yet al., 2015) and cancer therapies (Gate D et al., 2015) are just some of the many 
topics that researchers are investigating PC for. 
There is an abundance of literature elucidating the various functions of PC in different 
cells of the body . It is definitely involved in mechanotransduction which is how the cell 
converts mechanical energy from the outside environment to biochemical and transcriptional 
changes intracellularly. Recent studies using fluorescent calcium biosensors suggest that 
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mechanical loading of PC in kidney epithelia leads to conformational changes in PC ion channels 
that lead to calcium entry (Delling et al., 2013). Transient receptor potential channels (TRP), 
specifically polycystinl and 2 (PCl and 2) allow for changes in the concentration of calcium in 
PC without affecting the global concentration of cytoplasmic calcium. Mechanotransduction in 
PC varies in different tissue contexts . For example , Lee in 2015 published a study in which 
osteocytes flow induced calcium entry was mediated by transient receptor potential vanilloid 4 
(TRPV4) unlike PCl and 2 in renal epithelia. 
Other sensory receptor functions linked to PC include detection of chemicals, 
osmolarity, temperature and gravity (Satir Pet al., 2010). Many of the ciliopathies are also a 
manifestation of PC dysfunction . A classic example is demonstrated in autosomal dominant 
polycystic kidney disease (ADPKD) which is a common cause of renal failure in adults (Yoder BK 
et al., 2007) . 
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Figure 1. Axonemal Structures of Motile and Non-Motile 
Cilia 
This figure compares the axonemal structures of motile and 
non-motile cilia. (A) Non-motile cilia have 9 microtubule 
doublets (a) which fo rm the 9+0 configuration with the 
missing central pair of microtubules . (B) Moti le cilia contain a 
central pair of microtubules (b) along with inner (c) and outer 
(d) dyne in arms which are motil ity components. 
Corresponding electron microscopic cross-sectional images of 
non-motile cil ia (C) and motile cilia (D) are displayed . 
Taken from Takeda S. et al., 2012. 
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1.1.B. Inducing PC Formation in Cell Culture 
Before isolation of PC can be attempted, cultured cells can be placed under certain 
conditions to encourage ciliogenesis or the formation of cilia . Past experiments on cells in 
culture have shown cell cycle arrest and cell confluence are necessary to induce cilia formation 
(Wheatley et al, 1994). Serum starvation allows immortal cell lines to stop cycling thus 
synchronizing the population in a quiescent phase where a greater number of ciliated cells are 
present. Cultures utilizing serum deprived fetal bovine serum (FBS) to promote primary 
ciliogenesis in the literature have included ranges from 0% to 0.5% (Tang Z et al, 2013) . In the 
absence of serum depletion the proliferating cells can transiently express cilia with re-sorption 
taking place during the G2 phase of the cell cycle. These cells are asynchronous in regards to 
their cell cycle phase usually, leaving 10-25% with observable cilia (Rieder CL, et al, 1979). 
Serum induced synchronization increases the chances of isolating more PC from a given 
population of cells. However, recent data suggests that cells in quiescence or GO can adopt a 
state that doesn't produce PC (Pitaval A et al, 2010) . Confluent or spatially confined cultured 
cells in combination with serum starvation lead to a specific organization of actin cytoskeletal 
structures that appear to be needed to induce PC production during the quiescent phase. Using 
the knowledge stated above along with protocols from previous authors (Tucker et al, 1983 and 
Alieva et al, 1999) cells used in this experiment were cultured to 60%-80% confluence after 
which they were washed and incubated with serum deprived media for 48 hours . 
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1.1.C. PC Isolation 
Currently there are many obstacles when trying to isolate a highly concentrated PC 
sample from cell cultures for biochemical analysis. Most mammalian cells contain a single small 
PC per cell in lengths ranging from 1-4 µm though certain renal epithelial cells can range from 8-
25 µm (Wheatley DN et al., 2000 and 1996). PC are very fragile structures . Electron and 
immunofluorescent microscopic analysis of isolated PC fractions have been shown to contain 
large amounts of pieces of PC that were distal to the ciliary stem away from the base (Mitchell 
KA et al., 2004). Chlamydomonas reinhardtii are single celled green algae containing two 
flagella . The axonemal microtubules can be chemically severed from the cell body in vitro 
(Sanders MA et al., 1994). To date no known method of cleanly detaching the non-motile PC 
from the cell body has been accomplished. The three techniques commonly used to obtain PC 
isolates for analysis are mechanical shear, Ca +i shock and Peel-off/Slide-pull (Mitchell KA et al., 
2009). 
1.1.C.1. Mechanical Shear Technique 
This protocol was devised by Mitchell et al., 2004 with the goal of isolating large amounts of 
intact PC by avoiding extreme changes in pH, osmolarity, high calcium concentrations, 
detergents and anesthetics . The researchers selectively chose the A6 cell lines which are 
cloned epithelial cells from the distal nephron of the Xenopus laevis kidney. This particular cell 
line was used because it provides each cell with an average cilium length of 23 µm (though 
measurements revealed lengths as long as 50 µm) after 7-10 days of culture the last 2-3 of 
which consisted of exposure to serum-deprived media (Mitchell et al., 2004). Since shear forces 
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have previously demonstrated deciliation of PC in rabbit corneal endothelial cells (Gallagher BC 
1980), the researchers devised a technique of brief mechanical agitation of A6 cells in calcium 
free phosphate buffered saline. This was then followed with a series of centrifugations. 
Analysis of the isolated samples was performed via SOS-PAGE and staining with Coomassie 
Blue. Reproducible differences were observed between the PC isolates and whole cell extracts. 
lmmunoblotting using the PC marker antibody acetylated a-tubulin showed a strong reaction in 
PC samples versus no reaction in whole cell extracts. Though these results are encouraging 
yields are low, not all cilia are removed, ciliary tips excluding the entire intact structure are 
included and 40-60% non-ciliary contaminants are consistently present in the isolated PC 
fraction (Mitchell et al., 2009). In addition, how well this protocol will work on other non-renal 
cell lines containing PC of average lengths in the range of 1-4 µm is questionable. 
1.1.C.2. Ca+2 Shock Technique 
This method was developed in an attempt to isolate PC from pig kidney epithelial cells (LLC-
PKl). Researchers did this in an effort to better understand the signaling mechanism involved 
with the type 2 vasopressin receptors which are present on PC (Raychowdhury et al., 2005). 
Cells were allowed to reach full confluence after 2-3 weeks before being scraped from the 
culture dish with calcium free saline. Pelleted cells were suspended and shaken for 10 minutes 
at 4°C in a deciliation solution (2mM NaCl, 3.4 mM KCI, 10 mM CaCb, 2.4 mM NaHCO3 and 2 
mM HEPES adjusted to pH 7). After centrifugation for 5 minutes at 7,700 g the supernatant was 
loaded onto a 45% sucrose solution in high calcium saline solution where it was centrifuged for 
1 hour at 100,000 g. The sucrose-supernatant interface band was collected, diluted 10 fold and 
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then centrifuged again for 1 hour at 100,000 g. The final pellet was suspended in PBS 
containing 2 mM EGTA and 0.5 mM sucrose in aliquots stored at -80°C until it was used. 
The technique produces PC isolates with damaged membranes that are contaminated with 
other cellular compartments (Mitchell et al., 2009). 
1.1.C.3. Peel-off and Slide-pull Techniques 
This technique was used to remove PC from cell cultures of mouse and rat cholangiocytes 
(Huang Bet al., 2009). In the peel-off technique cells are cultured on sterilized coverslips versus 
10 cm diameter petri dishes for the slide-pulling technique. The cells are cultured to confluence 
which usually takes 7-10 days. In the peel-off protocol a coverslip coated with 0.1% poly-L-
lysine is placed on top of the coverslip containing confluent cells. Separating the two coverslips 
is supposed to physically tear the PC from the cells. The complete sequence is illustrated in 
Figure 2. 
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Light pressure 
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Purificat ion 
Figure 2. Peel-off Technique 
Illustrated is the schemat ic rep resentation of the isolation of PC by the 
Peel-off techn ique . 
Image taken from Huang et al., 2009 
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The slide-pulling protocol utilizes a 6 cm diameter petri dish coated with a 0.1% poly-L-lysine 
solution. The coated side is placed on top of 15 ml of serum free media containing protease 
inhibitors (0.01% soybean trypsin inhibitor and 0.1 mM PMSF). Gentle mechanical agitation 
(70-100 rpm) on a shaker for 5 minutes is supposed to remove PC from the apical membrane of 
the cells for isolation. An illustration of this technique can be seen in Figure 3. 
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Figure 3. Slide-pull Technique 
Illustrated is t he schematic representation of the isolation of PC by the Slide-pull 
technique . 
Image taken from Huang et al., 2009 
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Both protocols suffer from the same problems of the previous two methods which are 
contamination from non-ciliary proteins along with PC damage. The protein yields reported in 
micrograms are too high to account for the single PC present on the cells of a confluent 10 cm 
diameter petri dish (Mitchell et al., 2009). 
1.2. PC and the Mammalian Dentition 
1.2.A. PC Ciliopathies with Dental Anomalies 
PC once thought to be vestigial structures are now becoming heavily studied cellular 
nanomachines because ciliary dysfunctions are being linked to numerous human disorders . 
Given their abundance in just about every mammalian cell it shouldn 't be surprising that 
multiple organ systems are affected when mutations in ciliary genes occur. Since this thesis 
involves the isolation and detection of PC in a dental epithelial cell line called HAT-7, 
ciliopathies with phenotypes consisting of dental anomalies will be briefly reviewed in an 
attempt to highlight the importance of PC in normal tooth development . This by no means is 
an exhausted list and in fact there probably are many other currently undiscovered conditions 
that could be attributed to genetic defects directly or indirectly associated with PC. This is why 
some researchers have proposed examining PC in craniofacial disorders with no known cause 
(Zaghloul NA et al., 2011) . 
1.2.A.1. Bardet -Biedl syndrome (BBS) 
BBS is an autosomal recessive genetic disorder characterized by rod-cone dystrophy , postaxial 
polydactyly, central obesity , mental retardation, hypogonadism, learning difficulties and renal 
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dysfunction {Green JS et al., 1989). Numerous other secondary features that may be present 
include speech delay, hepatic fibrosis, diabetes mellitus, short stature, dental anomalies, 
congenital heart disease, anosmia, brachydactyly/syndactyly, developmental delay, ataxia/poor 
coordination and endocrinological disturbances . A clinical diagnosis of BBS can be made if four 
primary features or three primary features and two secondary features are discovered. 
The prevalence of dental anomalies in BBS patients is cited in the literature at 51% {Forsythe E 
et al., 2013) . There have been reports of malocclusion, crowding of teeth requiring extractions, 
enamel hypoplasia with yellow discoloration, mild micrognathia and high arched palates {Beales 
PL et al., 1999). 
The BBSome, chaperone and Rab family proteins along with the basal body {a PC anchoring 
structure) are responsible for coordinating ciliogenesis and maintenance {Waters AM et al., 
2011). BBSl, BBS2, BBS4, BBSS, BBS7, BBS8 and BBS9 make up the BBSome complex with BBSG, 
BBS10 and BBS12 forming the chaperone protein complex. No phenotypic difference has been 
found between patients with mutations in BBSome complex proteins compared to chaperone 
proteins . The pathogenesis of this pleotropic syndrome is beginning to unravel especially with 
the study of mouse models which have shown decreased physical activity, increased food 
intake and leptin resistance {Sheiffeld VC, 2010) . As stated earlier PC are involved with 
regulating numerous intracellular signaling pathways such as the Sonic Hedgehog {SHH) 
pathway . The limb malformations commonly seen in BBS as well as other ciliopathies are 
believed to be from the dysregulation of IFT in PC containing limb buds {Gerdes JM et al., 2009). 
There currently are no treatments specifically designed to treat BBS. Currently, patients are 
treated through management which involves a multi-disciplinary approach . Once a diagnosis is 
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confirmed by using the criteria previously alluded to (4 primary features or 3 primary and 2 
secondary features) assessments of weight, blood pressure, renal, thyroid, liver function tests, 
glucose and lipid profiles are performed along with referrals to clinicians in specialty fields like 
ophthalmology, endocrinology, nephrology, cardiology, orthodontics and psychiatry (Forsythe E 
et al., 2013). Therapy depends on the severity of the disease and organ systems involved. 
Some of the commonly used treatments utilized by clinicians include hormone replacement, 
anti-hypertensive and lipid lowering medications. Once a more complete understanding of PC 
and signal transductions are found, better therapies can be made. 
1.2.A.2. Oral-facial-digital Syndrome (OFDS) 
OFDS represents a general term for a group of related conditions consisting of at least 13 
distinctive genetic disorders affecting the oral cavity, facial structures and digits . Abnormalities 
of the oral cavity include clefting of the palate and tongue, hyperplastic frenula, unusual lobed 
shape of the tongue and noncancerous tumors of the tongue. Individuals can have extra, 
missing or defective teeth. OFDS type 1 is an X-linked dominant condition with mutations that 
lead to total loss of OFDSl proteins in males leading to death in early development (Wettke-
Schafer R et al., 1983). The OFDSl gene encodes for a protein that is found in the centrosome 
and the basal body in PC (Romio Let al., 2004). Its function is currently unknown. 
1.2.A.3 . Ellis-van Creveld (EVC) Syndrome 
EVC Syndrome is an autosomal recessive disorder characterized by short ribs, polydactyly, 
growth retardation, and ectodermal and heart defects (Baujat G et al., 2007). Oral-facial 
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abnormalities can consist of congenitally missing primary and permanent teeth, microdontia, 
supernumerary teeth and abnormal tooth morphologies (Babaji Pet al., 2010). More than half 
of all the cases of this syndrome are attributed to mutations in the EVC or EVC2 gene. Both 
proteins from these genes are part of the PC and are believed to have coordinated activities in 
hedgehog signaling pathways {Blair HJ et al., 2011). 
1.2.B. PC and Tooth Development 
The details of mammalian tooth development are complex and the exact molecular signaling 
(spatially and temporally) that occurs is not fully understood. There are vast studies attempting 
to elucidate these pathways and they are beyond the scope of this paper. The purpose of this 
section is to demonstrate that primary cilia may be an important point of regulation in these 
processes. 
Mammalian teeth are composed of enamel and dentin . Enamel matrices are secreted by 
ameloblasts derived from the oral ectoderm. The underlying dentin is produced by 
odondoblasts, cells that are derived from the differentiation of ectomesenchymal cells of the 
dental papilla with organizing influence from the inner enamel epithelium . Studies have shown 
that PC are present on both ameloblasts and odontoblasts (Magliore H et al., 2004 and Sasano Y 
et al., 1986). During tooth development reciprocal signaling is known to occur between the oral 
ectoderm and the ectomesenchyme from neural crest cells. It is possible that PC play an 
important role in the intercellular communication between these cells. A study by Kero et al, 
2014 using human fetuses between 8 and 21 weeks of development analyzed controlling 
factors in the proliferation and differentiation of incisors and canines at the cap and bell stages 
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in tooth development. In this study PC were found throughout the developing tooth germ. The 
morphology of PC appeared to be longer and more numerous in regions where cellular 
differentiation was taking place . Given there increased presence and association with 
differentiated ameloblasts and odontoblasts it was suggested by the authors that PC could be 
involved with controlling the processes of cell proliferation and differentiation in this part of 
tooth development. 
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II. AIMS AND OBJECTIVES 
The aim of this laboratory research project was to identify the presence of PC in HAT-7 cells for 
further studies and to create a simple, fast and inexpensive way to isolate PC from cells without 
contaminated non-ciliary products . The HAT-7 is the name of a dental epithelial cell line 
derived from the cervical loop epithelium of the rat incisor (Kawano Set al., 2002). IMCD3 cells 
which are known to contain PC were utilized as a control. This cell line originates from inner 
medullary collecting duct of the mouse kidney (Rauchman et al., 1993). 
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Ill. MATERIALS AND METHODS 
111.1. Cell Culture and Maintenance 
HAT-7 cells were maintained in Dulbecco's Modified Eagle's medium (DMEM; GIBCO-
BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS), penicillin (100 
units/ml) and streptomycin (100 mg/ml). The cells were grown in 100 mm amine and carboxyl 
coated plates (BD Biosciences) to 60%-80% confluence after which they were washed and 
incubated with serum deprived media for 48 hours to increase formation and length of primary 
cilia. 
111.2 Isolation of Primary Cilia 
Fully confluent, 48 hour serum-deprived HAT-7 cells were gently rinsed with PBS before 
being layered with 6.5 ml of PBS. Plates were then kept on a rotary shaker at 360 rpm for 4 min 
at room temperature . Supernatant samples were then centrifuged at 1,000 g for 10 min for 
removal of cells and debris. Pellets were discarded and the supernatant was centrifuged for 30 
min at 40,000g . Pellets were re-suspended in PBS and stored at -20°C. 
111.3. Isolation of Whole Cell Lysates (WCL) 
HAT-7 cells were submerged in .65 ml of lysis buffer containing 150 mM NaCl, 1% Triton 
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing 10 µI DMSF 0.1M, 
10 µI Apoliprotein per ml of solution . Cells were washed, collected and centrifuged for 12,000 
rpm for 30 min at room temperature. The pellets were discarded and the supernatant was 
stored at -20°C. 
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111.4 Subcellular Fractionation of Cultured HAT-7 and IMCD3 cells 
The protocol deve loped from the Qproteome Cell Compartment Handbook using all 
proper Qiagen buffers and reagents . Roughly 5 x 106 cells were removed from three 10mm 
plates containing either HAT-7 or IMCD3 cells via the method previously described . The cell 
suspensions were centrifuged for 1850 rpm for 10 minutes at 4°C. The supernatants were 
removed and the pellets were reconstituted in 2ml of ice cold PBS after which they were 
centrifuged at the same speed and time as the cell suspension. This step was repeated to 
thoroughly clean the cells of media and trypsin. The pellets were then immersed in 1 ml of CEl 
buffer and centrifuged for 3700 rpm for 10 minutes at 4°C after incubating for 10 minutes at 
4°C on a shaker . This supernatant that was collected represented the cytosolic proteins . The 
pellets were then re-suspended in 1ml of CE2 buffer where they were allowed to incubate for 
4°C from 30 minutes on a shaker after which they were centrifuged for 9,084 rpm for 10 
minutes at 4°C. The supernatant collected represented the membrane proteins . The remaining 
pellet was gently exposed to 7µ1 Benzonase Nuclease and 13µ1 distilled water . After allowing 
incubation for 15 minutes at room temperature 500µ1 of CE3 was added and allowed to 
incubate for 10 minutes at 4°C after which it was centrifuged for 9,671 rpm for 10 minutes at 
4°C. The supernatant collected from this sample was nuclear. The remaining pellet submerged 
in CE4 buffer represents cytoskeletal proteins . Note 10µ1 of l00x protease inhibitor was added 
to buffers CEl, CE2 and CE3. 
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111.5. Protein Concentration Determination 
Total protein determination for both WCL and PC samples was conducted using the 
detergent compatible {DC) protein assay (Bio-Rad) which is colorimetric assay that uses similar 
and improved reactions that are analogous to the Lowry technique . Alkaline copper tartrate 
and Falin Reagents were added to 5 µI aliquots of samples to allow for the two-step reaction 
which leads to color development . Four dilutions of BSA protein containing 2, 1, 0.5 and 0.25 
µg/µI concentrations were made for standard curve formation. The Elx800 was Absorbance 
Microplate reader (Bio-Tek) was used to measure color development at 750 nm. 
111.6. lmmunofluorescence 
Roughly 20 million HAT-7 cells were cultured in a 4-well BioCoat™ Collagen slide (BD 
Biosciences) with DMEM supplemented with 10% FBS, Penicillin (100 units/ml) and 
Streptomycin (100 mg/ml) . The cells were allowed to incubate for 24+ hours until full 
confluence was reached. The cells were then washed and incubated with serum-free media for 
24 hours . The medium from each well was aspirated and the cells were fixed using .5 ml µI of 
4% formaldehyde for 10 minutes at room temperature . The cells then were washed twice with 
.5 ml of 1 X PBS. Cells were permeabilized by incubation with 1 X PBS/0.5% Triton X-100 for 10 
minutes after which they were wash twice with .5 ml of 1 X PBS. Blocking occurred for 1 hour 
at room temperature in 1 X PBS/2% Fetal bovine serum (FBS). After aspiration 100 µI of 
primary antibody diluted to 1:1000 in blocking solution was added to each well for incubation 
at 4°C overnight . The compartments were washed three times with 1 X PBS. Incubation with 
alkaline phosphatase (AP) labeled secondary antibodies was performed with 1 hour at room 
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temperature with agitation. The two secondary antibodies used were Goat Anti-Rabbit lgG 
(H+L) and Rabbit Anti-Mouse lgG (H+L) from ThermoScientific©. All were used at a dilution of 
1:5000 . After washing for three times with 1 X PBS a drop of Vectashield with DAPI was added 
and a coverslip was placed on each of the four wells of the culture slide . The edges of the 
coverslips were sealed with nail polish and the slide was analyzed with a Nikon deconvolution 
wide-field Epifluorescence microscopic system . 
111.7. Biochemical Characterization 
111.7.A.) SDS-PAGE Gel Electrophoresis 
Samples were added to 2X Laemli buffer consisting of 4% SDS, 20% glycerol, 0.004% 
bromophenol blue, 0.125 M Tris HCI with a pH brought to 6.8. Roughly 40ul of DTT per 1 ml of 
Laemli buffer was used to reduce the samples which were incubated at 98°C for 5 minutes. 
Using the DC protein assay previously described equal amounts of protein from WCL and PC 
were loaded at 10 µg/lane on 4-12% NuPage Bis-Tris gel (lnvitrogen). Once resolved the 
proteins in the gel were either stained with Commassie brilliant blue or they transferred to 
nitrocellulose for immunoblotting. 
111.7B.) Western Blotting 
After sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with 4-12% 
Bis-Tris Gel (Life Technologies©) 1.0 mm X 12 well, the proteins in the gel were transferred to a 
transfer membrane (lmmobilon-P) of pore size 0.45 µm. Mini Trans-Blot filter papers (BioRAD) 
were placed on the top and bottom of the gel and membrane . The membranes were 
submerged in buffer (120 ml l0X Transfer Buffer, 240 ml Methanol, 840 ml ddH20). The l0X 
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transfer buffer consisted of 288 g of glycine, 60.6 g of Tris Base and 2 liters of H20 . The transfer 
took place in the Mini Trans-Blot Cell {BioRAD) at 50 volts for 2 hours. 
Following the transfer, membranes were washed twice with ddH20 for 5 minutes . They 
were then blocked with 1 X Tris-Buffered Saline and Tween 20 {TBST) containing 5% nonfat dry 
milk {LabScientific) with agitation at room temperature for 1 hour. After blocking the 
membranes were washed with 1 X TBST three times for 5 minutes with agitation at room 
temperature. The membranes were then incubated with a specific primary antibody diluted in 
TBST containing 2.5% nonfat dry milk for 1 hour with agitation at room temperature. After 
being exposed to the primary antibody the membranes were washed with 1 X TBST three times 
for 5 minutes. Incubation with alkaline phosphatase (AP) labeled secondary antibodies was 
performed with 1 hour at room temperature with agitation . The two secondary antibodies 
used were Goat Anti-Rabbit lgG {H+L) and Rabbit Anti-Mouse lgG {H+L) from 
ThermoScientific© . All were used at a dilution of 1:5000. After washing three times with 1 X 
TBST for 10 minutes the membranes were developed using the AP conjugate substrate kit 
(BioRAD) along with AP color development buffer {BioRAD). 
111.7C.) lmmunoprecipitation Protocol 
HAT-7 and IMCD3 nuclear and cytoplasmic fractions at equal concentrations {30 µg) isolated via 
Qproteome cell compartment kit (Qiagen) were allowed to incubate on a rocker at 4°C in 1 µI of 
anti-EVC2 antibody (Bethyl laboratories) overnight . The samples were then incubated with 35 
µI of protein A {lnvitrogen) for 20 minutes at 4°C on a shaker. Isolates were centrifuged at 
12,000 rpm for 5 minutes, supernatant was removed and pellets were washed with lysis buffer. 
22 
This was done twice after which the final pellets were exposed to 20 µI of sample buffer. After 
boiling at 95°C for 5 minutes the samples were used for SOS-PAGE and Western Blot analysis 
with protocols previously discussed in this thesis. The anti-EVC2 antibody used for 
immunoprecipitation was diluted 1:1000 in TBST containing 2.5% nonfat dry milk for utilization 
as the primary antibody. AP labeled Goat Anti-Rabbit lgG (H+L) were the secondary antibodies 
implemented . 
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IV. RESULTS 
IV.1. Attempts to isolate purified PC samples in HAT-7 Cells 
IV.1.A. Mechanical Shear Technique 
The initial goal of this research project was to implement an easy, quick and efficient protocol 
to isolate a highly concentrated sample of PC from cells grown in culture. In addition, we 
attempted to screen the HAT-7 cell line because it hasn't been confirmed that they contain PC 
in any literary searches performed by us to date. These dental epithelial cells originate from 
the cervical loop of rat incisors, the region also known as the dental stem cell niche (Kwano S, et 
al., 2002). The shear technique established by Mitchell KA et al., 2004 (see 1.1.B.1.) was used. 
HAT-7 cells were cultured to 60-80% confluence and then serum starved for 48 hours. Once the 
supposed solution of PC was isolated the remaining cells on the plates were lysed and called 
the Whole Cell Lysate (WC) sample . After determining the protein concentrations via DC 
protein assay equal amounts were loaded and resolved using SOS-PAGE. The proteins in the gel 
were then stained with Coomassie Blue. Bands that appeared to be present only in the PC lane 
fraction versus the WC lane fraction were chosen for sequencing. These five bands were 
chosen because they were unique to the PC sample and because their size (95-34 kDa) fell 
within the range of most of the antibodies used in our lab to screen for PC. The digital image of 
this gel along with the five bands chosen for mass spectrometry analysis is shown in Figure 4. 
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Figure 4 Coomassie Blue Stained SOS-PAGE Gel of HAT-7 PC 
and WC Isolates 
Fractions of PC and WC were generated from HAT-7 cell line 
cultures by using the protocols described in the materials and 
methods section. Equal protein concentrations of each 
fraction were loaded and resolved by SDS-PAGE followed by 
staining with Coomassie Blue. 
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The uniquely banded samples were carefully removed from the gel and they were sent to the 
Taplin biological Mass Spectrometry facility at Harvard Medical School for proteomic analysis by 
microcapillary liquid chromatography tandem mass spectrometry. Upon completion an email 
was sent with five data links representing each Coomassie stained band. The results identified 
numerous proteins per sample but categorized them based on the number of unique peptide 
matches. Any protein with three or more unique peptide matches was considered confidently 
identified from the samples . Table 1 contains the possible proteins corresponding to samples 1, 
2, 3, 4 and 5 taken from gel seen in Figure 4. A variety of different proteins were potentially 
identified but all of the proteins in samples 2, 3, 4 and 5 were non-PC related. In fact nine of 
these proteins were identified as mitochondrial. For example sample 3 contained ATP synthase 
subunit alpha-1 which is a part of the ATP synthase enzyme known to produce ATP from ADP in 
the presence of proton gradient. Other proteins identified were transketolase which is an 
important enzyme involved in the pentose phosphate pathway of animal cells. Sample 5 
contained an enzyme which oxidizes malate to oxaloacetate known as Malate dehydrogenase. 
Actin from aortic smooth muscle was protein found in all 5 samples . This is another protein 
that isn't associated with PC according to the literature. Sample 1 did contain some possible 
interesting proteins that could be related to PC. Cytoplasmic Dynein 1 is a motor protein that 
has been proposed to be involved with intraflagellar transport in PC (Pederson et al, 2008) . 
There was also an uncharacterized protein in the sample. There were also two proteins from 
the ERM protein family called ezrin and moesin. Although located in the immediate proximity 
of PC, ezrin is expressed in microvilli of supporting cells. It is used in studies as a marker for 
non-ciliary apical membranes (Mayer U et al., 2001). None of the samples analyzed by mass 
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spectrophotometry contained the proteins commonly associated with PC proteins . However, 
one possible associated protein called cytoplasmic dynein-1 was found along with an 
uncharacterized protein that could possibly be a novel PC protein. 
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The same samples were then screened using Western blot analysis for anti-acetylated alpha 
tubulin because this protein is a commonly used marker for PC. This part of the experiment 
was performed to see if the PC labeled samples actually contained PC. lmmunoblot analysis of 
the PC and WC fractions are shown in Figure 5. When using anti-acetylated tubulin a stronger 
signal is seen at around 55 kDa in the WC fractions (Figure SA). According to the anti-acetylated 
tubulin antibody (Sigma) product sheet the target antigen should be roughly 55 kDa. This is 
also consistent with what is seen in similar immunoblotting experiments published (Mitchell et 
al., 2004). The PC labeled samples contained the 55 kDa band which suggests that this protein 
which is used as a marker for PC was in our sample. The signaling seen in the WC band is 
consistent with mechanical removal of PC which does not allow for 100% of the PC to be 
removed from cell surface. The mechanical shear technique successfully isolated the PC marker 
protein, acetyl-tubulin thus these results are suggestive of the presence of PC in this PC labeled 
sample. PC labeled samples also contained a band at 35 kDa that wasn't present in the WC 
samples. The identity of this band has yet to be confirmed but this was a finding that 
consistently occurred in the five times the experimental Western blot was performed. There 
was a study in which the 6-11B-1 anti-acetylated alpha-tubulin antibody stained 35 kDa 
fragments from quail oviduct and Paramecium cells in immunoblots (Adoutte A et al., 1991). In 
that paper the authors suggested that the 35 kDa peptide was a fragment of the 55 kDa tubulin 
monomer. The antibody used in this experiment was the 6-11B-1 clone. Further studies will be 
needed to confirm the true identity of this peptide fragment. Equal intensity bands were seen 
when anti-beta actin antibody was used as a positive loading control (Figure SB). No signals 
were observed when normal anti-mouse lgG was used as a negative control (Figure SC). 
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Figure 5 Biochemical Characterization of Isolated HAT-7 Samples. Primary cilia (PC) and whole cell 
lysates (WC) were isolated as described in methods . Samples 1 and 2 represent two different 
attempts to isolate samples from separate HAT-7 cultures. Equal amounts of PC and WC were 
resolved by SOS-PAGE based on results from the Lowry protein assay. They were then stained with 
antibodies (Abs) to anti-acetylated tubulin, anti-13-actin and normal mouse lgG (both 1:1000 dilution). 
Alkaline phosphatase(AP) labeled secondary antibodies from ThermoScientific© were used at a 
1:5000 dilution . Goat Anti-Rabb it lgG (H+L) was used for rabbit primary Abs and Rabbit Anti-Mouse 
lgG (H+L) was used for both mouse primary Abs. All antibodies were diluted in 2% milk in TBST. 
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IV.1.B. Modified Mechanical Shear Technique 
Numerous attempts to refine the protocol to obtain a more pure PC sample were tried. Like 
the previous experiment PC and WC fractions were obtained from HAT-7 cells that were grown 
to 60-80% confluence. The cultures were serum starved for 48 hours after which they were 
gently washed with PBS. While shear forces were supposedly releasing the PC from the cells, a 
deciliation solut ion (112 mM NaCl, 3.4 mM KCI, 10 mM CaC!i, 2.4 mM NaHCO3, 3 mM HEPES, 
pH 7.0) was used to increase the efficiency of PC exfoliation from the cells. lmmunoblotting 
analysis shown in Figure 6 displays a darker band (arrow) in the WC fraction as compared to the 
PC fraction when anti-acetylated tubulin was used. These were the same results obtained with 
the previous technique and shown in Figure 5. The 35 kDa range band seen only in the PC 
fraction with the use of mouse anti-acetylated tubulin was also seen again (Figure 6A). 
Other experiments were performed with greater and lesser magnitudes of shear force 
measured in rpms. The cell culture plates were exposed to changes in the length of time of the 
shear forces. Many batches of fractionated samples labeled PC and WC were generated and 
tested through Western Blot analysis. Numerous antibodies that bind to proteins considered to 
be part of or associated with PC were used to screen all of the collected samples . Some of 
these antibodies were anti -acetylated tubulin, anti-adenylate cyclase 3 (ADCY-3), anti-ADP-
ribosylation factor-like 13 B (ARL13B), anti-gamma tubulin, anti-pericentrin, anti-intraflagellar 
transport 88 (IFT88), anti -nude homolog 1 (NDEl), anti-EVC and anti -EVC2. A purer PC fraction 
was not obtained after utilizing the various changes to the protocol. 
31 
A.) 
Mouse Anti-
Acetylated Tubulin 
(kDa) Sample PC WC 
B.) 
Rabbit Anti-~-Actin 
(kDa) 
170-
130-
100-
70 -
55 -
40 -
35 
25 
Sample 
PC WC 
c.) 
Normal Mouse lgG 
Sample 
(kDa) PC WC 
170 
130 
100 
70 
55 
40 
35 
25 
Figure 6 Biochemical Characterization of Isolated HAT-7 Sample using modified Protocol. Primary cilia 
(PC) and whole cell lysates (WC) were isolated as described in methods. Equal amounts of PC and WC 
were resolved by SOS-PAGE based on results from the Lowry protein assay. They were then stained 
with antibodies (Abs) to anti-acetylated tubulin, anti -~-actin and normal mouse lgG (both 1:1000 
dilution) . Alkaline phosphatase(AP) labeled secondary antibodies from ThermoScientific© were used 
at a 1:5000 dilution. Goat Anti-Rabbit lgG (H+L) was used for rabbit primary Abs and Rabbit Anti-
Mouse lgG (H+L) was used for both mouse primary Abs. All antibodies were diluted in 2% milk in TBST. 
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IV.2 Isolation of PC from Subcellular Fractions of HAT-7 and IMCD3 Cells 
In an effort to localize non-motile ciliary maker proteins HAT-7 and IMCD3 cell cultures were 
fractionated through the use of the Qproteome cell compartment kit (Qiagen). IMCD3 cells are 
derived from the inner medullary collecting duct cells of the mouse kidney. These cells are 
known to contain PC (Plotnikova OV et al., 2009) and thus the cell line was used as a control to 
compare immunoblotting screening results to the HAT-7 cell line which may possibly contain 
this organelle. The details of this protocol are in the methods section of this thesis. Four 
extractions buffers were used to sequentially isolate four fractions containing cytosolic, 
membrane, nuclear and cytoskeletal proteins. After determining the protein concentrations via 
DC protein assay equal amounts were loaded and resolved using SOS-PAGE. Proteins from the 
gels were transferred to PVDF membranes for Western Blot analysis. Antibodies against mouse 
EVC, pericentrin and acetylated tubulin proteins were used. Figure 7 shows Western blotting 
using anti-EVC antibody. The results showed that a band of roughly 130 kDa which is suggestive 
of the EVC protein which has been shown to be localized to the base of the primary cilia (Ruiz-
Perez VL et al., 2007) . 
33 
1 
HAT-7 
Fractions 
2 3 4 
(kDa) 
-110-
-130-
-100-
- 70 -
55 
_ 40 _ 
35 
- 25 -
IMCD3 
Fractions 
1 2 3 4 
Figure 7 Biochemical Characterization of Fractionated Samples. 
Cell lysates were isolated using Qproteome cell compartment fractionation procedure 
(Qiagen©) described in methods. Each fraction is numbered to represent the 
following cell compartment proteins: 1 cytosolic, 2 membrane, 3 nuclear and 4 
cytoskeletal proteins. Protein concentration was determined by using the DC protein 
assay (Bio-Rad) which is colorimetric assay that uses similar and improved reactions 
that are analogous to the Lowry technique. Equal protein concentrations were 
loaded into each well. The primary Ab used was anti-EVC at 1:1000 dilution. AP 
labeled Goat Anti-Rabbit lgG {H+L) secondary Abs from ThermoScientific© were used 
at a 1:5000 dilution. 
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The centrosomal protein pericentrin was targeted by anti-pericentrin antibody via immunoblot 
analysis of the cellular fractions due to its association with PC which will be further elaborated 
on in the discussion section . As can be seen in Figure 8 stronger intensity bands at around 220 
kDa were detected in both HAT-7 and IMCD3 cells lines in the cytoskeletal compartment. 
Though comparable the signal band was stronger in the IMCD3 cell fraction versus the HAT-7 
cell fraction. The data demonstrates the presence of pericentrin in the cytoskeletal 
compartments of these cell lines. 
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Anti-acetylated tubulin antibody was used because it has been shown to be a useful detector of 
a protein in PC especially for immunofluorescence studies (Mitchell et al., 2004 and Piperno G 
et al., 1987) . Western blot analysis using this antibody for the HAT-7 and IMCD3 cell lines was 
performed . The same lysates that were used in the previous experiments (shown in Figures 7 
and 8) were used for this experiment. As can be seen in Figure 9, both cell types produced a 
signal around 55 kDa which is suggestive of the presence of the target antigen acetylated 
tubulin. Investigation of the digital image shows that both the cytosolic and cytoskeletal 
compartments of both cell lines had bands. The signaling present from the cytosolic proteins 
was attributed to the relatively high concentration (1:1000) of antibody used for the blot . 
However, the strongest signal intensity appeared to be in the cytoskeletal compartments. 
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Figure 9 Biochemical Characterization of Fractionated IMCD3 and HAT-7 
Samples with Anti-acetylated alpha tubulin. Cell lysates were isolated 
using Qproteome cell compartment fractionation procedure (Qiagen©) 
described in methods. Each fraction is numbered to represent the 
following cell compartment proteins: 1 cytosolic and 2 cytoskeletal 
proteins. Protein concentration was determined by using the DC protein 
assay (Bio-Rad) which is colorimetric assay that uses similar and improved 
reactions that are analogous to the Lowry technique. Equal protein 
concentrations were loaded into each well. The primary Ab used was 
monoclonal mouse anti-acetylated tubulin at 1:1000 dilution. AP labeled 
Rabbit Anti-Mouse lgG (H+L) secondary Abs from ThermoScientific© were 
used at a 1:5000 dilution. 
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V. DISCUSSION 
Im motile cilia called PC are microtubule-based organelles that are singly present in nearly every 
cell in the human body. Originally believed to be vestigial in nature this structure is now at the 
center of many ongoing studies due to its importance in the functionality of a number of 
cellular processes. Anterior-posterior limb patterning, endochondral bone formation, bone 
maintenance, craniofacial development, and possible future targets for cancer therapeutics are 
some of the many topics that have been linked to PC in recent papers {Hassounah NB et al., 
2012 and Haycraft CJ et al., 2008). Much of what is known today about PC has come from 
studies of ciliopathies many of which display characteristic phenotypes affecting bone and 
tooth development . What role if any that PC may play in tooth development is still something 
that needs to be further elucidated. 
The work in this thesis focused mainly on showing evidence of the presence of PC in the HAT-7 
cell line . The labial surface of the developing rat incisor contains a gradation of different stage 
cells from the progenitor cells of the cervical loop at the apex to the maturation stage 
ameloblasts below completely mineralized enamel. We hypothesized that PC could play a role 
in the maturation of these cells. Thus, they would be present on HAT-7 cells which are derived 
from the cervical loop of the rat dental epithelium . There currently is no easy and highly 
efficient technique to isolate PC from cell cultures . Three main protocols have been 
summarized by Mitchell KA et al., 2009 . The mechanical shear technique was initially chosen 
due to its design . This method was created to harvest large amounts of PC that will not be 
damaged by extremes of pH, osmolarity or high calcium. Attempts to isolate a pure PC sample 
compared to WC proved to be challenging using this protocol with the HAT-7 cell line however, 
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results suggested successful isolation in the PC labeled samples . Numerous antibodies to ciliary 
markers were used in Western Blotting to screen the isolated samples for PC. The WC samples 
always had the strongest immunoblotting signals which suggested that the target antigens 
were removed successfully after mechanical agitation but non-specific proteins were extracted 
at the same time. Another possibility was that the antibodies were binding non-specifically to 
other proteins . However, most likely this was not the case because immunoblot bands of the 
appropriate size in kDa were compared and were always more intense in the WC samples. This 
finding was not surprising given the fact that most PC would not be removed from the cell by 
mechanical agitation . It is possible that the size of PC in HAT-7 cells affected the results. The 
creators of the protocol used the A6 cell line derived from the distal nephron of the Xenopus 
species (Mitchell KA et al., 2004) . These cells are known to contain PC which are very long. The 
smaller PC on the surface of HAT-7 cells would be less likely to de-ciliate when exposed to shear 
forces. Low yields along with 40-60% non-ciliary contaminants were even present in 
experiments that used cell lines containing long PC (Mitchell KA et al., 2009). 
Information was still gained despite not being able to successfully obtain a pure HAT-7 cell 
derived high yield PC sample. Antibodies that bind to anti-acetylated alpha tubulin are 
commonly used as markers for PC. These antibodies always left a signal in the 55 kDa range in 
Western Blots of HAT-7 cell isolates. This could possibly suggest the presence of PC in this cell 
line . Other antibodies that bind to proteins associated with PC like ADCY3, ARL13B, gamma-
tubulin and pericentrin all produced strong signals at the appropriate kDa size in immunoblots 
(data not shown). 
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The shear experiments led to further research to investigate which cellular compartments 
contained PC proteins in the highest concentrations. The Qproteome cell compartment kit 
{Qiagen) was used to generate protein isolates from the cytosol, membrane, nucleus and 
cytoskeleton of cultured cells. HAT-7 cell cultures along with IMCD3 cells were used in this 
experiment . IMCD3 cells were added to the protocol because they are a cell line derived from 
the murine inner medullary collecting duct cells which have been shown to contain PC 
{Ishikawa H et al., 2012) . The proteins in all four cellular isolates from both cell lines were 
resolved by 5D5-PAGE and then transferred to PVDF membranes for antibody screening. 
Western blot results using mouse anti-pericentrin antibodies showed enrichment of pericentrin 
in the cytoskeletal fractions of both cell lines. The signal was more intense in the IMCD3 
cytoskeletal isolate though. Pericentrin is a centrosomal protein that has been shown to be 
located around centrioles and at the base of PC (Jurczyk A et al., 2004). The same authors 
found that pericentrin was necessary for PC assembly and that it acts as an anchor in this 
process . Therefore, it is reasonable to surmise that considerable enrichment of pericentrin in 
cytoskeletal fractions of HAT-7 and IMCD3 cells could be indicative of PC or its formation . To 
further confirm the presence of PC anti-acetylated alpha tubulin antibodies were used for 
immunoblot analysis. These antibodies bind to acetylated alpha tubulin which is a known ciliary 
marker. Our results showed considerable enrichment in the cytoskeletal fractions of both HAT-
7 and IMCD3 cell lines. Signals were still visible in the cytosolic, membrane and nuclear isolates 
as well but they were not as strong. These results support the conclusion that PC are in fact 
present in HAT-7 cells. 
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